Lactate is now recognized as an important intermediate in brain metabolism, but its role is still under investigation. In this work we mapped the distribution of lactate and bicarbonate produced from intravenously injected 13 C-pyruvate over the whole brain using a new imaging method, hyperpolarized 13 C MRI (N=14, ages 23 to 77). Segmenting the 13 C-lactate images into brain atlas regions revealed a pattern of lactate that was preserved across individuals.
Introduction
Lactate, once considered a waste product, is now recognized as an important intermediate in brain metabolism (1, 2, 3, 4) . The astrocyte-neuron lactate shuttle (ANLS) model, first proposed by Pellerin and Magistretti (1) , is that the ATP needed to clear glutamate from synapses is primarily derived from lactate produced by aerobic glycolysis in astrocytes. There is evidence of multiple roles for lactate: a source of energy in glutamatergic neurons, a signalling molecule modulating neuronal excitability and synaptic plasticity, and a key player in maintaining homeostasis (4) . Furthermore, experiments in rats have shown that lactate transport is required for long-term memory formation (5) , and that cerebral aerobic glycolysis and lactate concentration are reduced during sleep (6) .
In this work, we mapped the distribution of lactate and bicarbonate produced from intravenously injected 13 C-pyruvate over the whole brain using a new imaging method, hyperpolarized 13 C MRI. The 13 C-lactate images were segmented into brain atlas regions, which revealed a consistent spatial distribution of lactate across individuals. This is the first report of such a "lactate topography" in the human brain. The consistent pattern is evidence of region-specific lactate biology that is preserved across individuals.
While there continues to be debate surrounding the degree to which neurons are fueled by astrocytic lactate (7, 8) , mounting evidence points to a critical role of aerobic glycolysis and lactate in brain energy metabolism. Combined PET measurements of cerebral metabolic rate of oxygen and glucose using 15 O-oxygen and 19 F-fluorodeoxyglucose, respectively, can provide an estimate of aerobic glycolysis through a measure of the oxygen to glucose index (OGI), which is 6.0 if glucose is fully oxidized. These PET experiments have shown clear evidence of non-oxidative consumption of glucose (OGI < 6.0), with net brain glucose uptake exceeding the rate required to match the regional oxygen consumption. OGI is lowest in children and young adults and increases with aging (9, 10), and recently, it was shown that the OGI has a distinct topography within the brain, corresponding to regions with persistent gene expression associated with childhood development (neoteny) (11, 12) .
Hyperpolarized 13 C-MRI is a new imaging method that enables time-resolved volumetric imaging of metabolite production within tissue (13) and has recently been translated to humans (14, 15, 16) . Using this method, we mapped the distribution of 13 C-lactate and 13 Cbicarbonate produced from intravenously injected 13 C-pyruvate in the brains of volunteer subjects (N=14). (17, 18) was toggled between the resonance frequencies of [1-13 C]lactate, 13 Cbicarbonate and [1-13 C]pyruvate, resulting in separate volumetric images for each of these metabolites, every 5 s. Following the metabolite images, a standard suite of anatomical brain images was acquired with a conventional head coil.
Materials and Methods
To understand how the observed spatial distribution of metabolite signals related to brain structure, the LONI pipeline processing environment (19) was used to segment the metabolite images from each subject into the 56 regions contained in the LPBA40 atlas (20) . The 13 C image analysis workflow was modified from the LONI Brain Parser workflow. First, the 13 C images were resampled to match the coordinates and matrix size of the anatomical T1-weighted images (axial fast spoiled gradient echo images, FOV 25.6 x 25.6 cm 2 , 1 mm-isotropic resolution, TR/TE 7.6/2.9 ms, flip angle 11 • ). The T1-weighted images from each subject were registered to the averaged human brain images used to produce the LPBA40 atlas by generating and applying a B-spline deformation field. The Brain Parser package was then used on these forward deformation field-warped T1-weighted images to label the 56 regions. The labelled 3D images were then warped by the inverse of the deformation field to transform the labels back to the coordinates of the original T1-weighted images. The mri segstats program included in the Freesurfer package (http://surfer.nmr.mgh.harvard.edu) was then used to compute mean signals from each atlas region from the [1-13 C]lactate and 13 C-bicarbonate images from each subject. These values were normalized by converting to a z -score (the number of standard deviations from the mean of all regions within a single subject). This normalization accounts for any global scaling of the data for an individual subject, such the signal-enhancement level of the injected 13 C-pyruvate and any difference in substrate delivery to the brain.
Results
Representative metabolite images from two subjects are shown in Fig. 1 . Lactate signal, which results from the conversion of [1-13 C]pyruvate to [1-13 C]lactate, was observed in all subjects with a consistent topography. Higher lactate signal was observed in cortical grey matter compared to white matter and was highest in the precuneus, cuneus and lingual gyrus. Bicarbonate signal, which indicates the flux of [1-13 C]pyruvate through the pyruvatedehydrogenase complex on the mitochondrial membrane, resulting in 13 CO 2 which is rapidly converted to 13 C-bicarbonate, had a similarly consistent spatial distribution, and was also highest in many of the same regions as lactate, such as the occipital lobe. The segmented regional z -score analysis revealed a highly consistent but spatially variable pattern of lactate signal across subjects, as seen in Fig. 2(a) . One-way analysis of variance (ANOVA) was run to test for significant differences in lactate z-score among atlas regions, giving F = 87.6 and p < 10 −6 . The same analysis reported the significant differences in bicarbonate z -score among atlas regions, giving F = 79.6 and p < 10 −6 . Consistent regional distribution patterns were observed across subjects for all metabolite z-scores, with Kendall's concordance coefficients (W ) of 0.83 for lactate, 0.82 for bicarbonate and 0.85 for pyruvate.
The lactate-to-pyruvate ratio for each region displayed large variance between subjects (see supplemental Fig. 6(a) ). However, the concordance of the regional lactate-to-pyruvate ratio (W = 0.75) was only slightly lower that for regional lactate (W = 0.83), showing a fairly consistent pattern in the lactate-to-pyruvate ratio across subjects. Plotting the lactate z-scores vs. the pyruvate z-scores for all subjects showed that the lactate and pyruvate signals were correlated until a lactate z-score around 1.0, and were not correlated for the higher lactate regions (see supplemental Fig. 6(d) ).
To further investigate whether cerebral venous drainage is dominating the regional variation in 13 C-lactate signal, a skilled neuroradiologist drew ROIs on the right jugular vein in a subset of the subjects (N=5), and the timecourse of the 13 C-lactate and 13 C-pyruvate in this ROI was plotted (see Supplementary Fig. 7) . The observed lactate-to-pyruvate ratio (computed as an area-under-the-curve ratio) was significantly lower in the jugular ROIs as compared with all of the brain atlas regions, which is evidence against the 13 C-lactate signal observed in the brain being dominated by venous signal. A limitation of this analysis is that the jugular veins are immediately adjacent to the carotid arteries, so contamination of the jugular signal with 13 C-pyruvate signal from the artery could have biased the lactateto-pyruvate ratio downwards. However, the lactate signal in the jugular ROIs was still far lower than the lactate signal in the surrounding brain parenchyma, which has much lower blood volume, with all of the jugular lactate z -scores below 0 (-2.65 to -0.37). As for 13 Cbicarbonate, the literature on hyperpolarized 13 C-pyruvate to date contains no reports of 13 C-bicarbonate signal in the blood. This widely observed finding is consistent with 13 Cbicarbonate being trapped in the intracellular space on the timescale of the hyperpolarized 13 C experiment. Thus it is unlikely that the 13 C-bicarbonate signal observed in the brain is in the vascular pool.
The potential for bias in the regional metabolite signals due to the 1.5 cm (isotropic) voxel size in the 13 C images was investigated. Region volumes for the 14 subjects are plotted in Fig. 5 (supplementary) . Kendall's concordance (W ) coefficient for the region volumes confirmed strong agreement between subjects (W = 0.98). The concordance (W ) between the mean lactate z -scores and mean regional volumes was 0.59, confirming a weak concordance.
Regional volumes ranged between 1.40 -104.03 cm 3 (median 11.96 cm 3 ). Of 56 segmented regions, 48 regional volumes were larger than the volume of a single isotropic 1.5 cm voxel.
Discussion
The high 13 C-lactate signal level observed here is consistent with the 13 C-lactate observed in recent data from other groups (16, 21, 22) . While the steady-state lactate concentration in the brain measured by proton spectroscopy is relatively low (0.3 mM to 1 mM) (23, 24) and increases only slightly with activation (25, 26) , the hyperpolarization makes 13 Clactate readily observable at sub-millimolar concentration. The consistency of the lactate topography across subjects suggests that region-specific lactate biology is similar between individuals.
A number of previous studies have reported the regional distribution of factors that are potentially related to the observed 13 C-lactate pattern in the human brain including the regional distribution of aerobic glycolysis (11, 9, 27) , the enzyme lactate deydrogenase (LDH) (28, 29) , cerebral blood flow (30) , oxidative damage to mitochondrial DNA (31) and FDG uptake (32) . There is some agreement between these distributions and the high lactate regions seen here. For example, the topography of elevated aerobic glycolysis (reduced OGI) (11, 9) showed elevated aerobic glycolysis in the precuneus, and regional cerebral blood flow (rCBF) maps show the high z-scores in both the lingual gyrus and precuneus (30) .
However, two of the regions reported to have elevated aerobic glycolysis corresponded to the regions with the lowest lactate z -scores (caudate and gyrus rectus), and the superior frontal gyrus shows high FDG uptake (32) but had a mean lactate z-score near zero, so more investigation is required to understand how these factors may be related. It is worth noting that reduced OGI indicates regions where there is a net non-oxidative use of glucose, whereas hyperpolarized MRI shows all lactate created from the injected substrate, including lactate that ultimately ends up being used in oxidative phosphorylation.
The appearance of [1-13 C]lactate signal is dependent on a different set of glycolysis-related factors in comparison to the uptake of radiolabeled glucose and oxygen. These major factors are the expression levels of monocarboxylate transporters to transport pyruvate and lactate across lipid bilayers, the availability of the enzyme LDH, and the local concentration of NADH, which is oxidized to NAD+ when pyruvate is reduced to lactate in the cytosol.
Depletion of NADH has been shown to be the dominant factor in the 13 C-lactate signal reduction observed after treating cancer cells (33), so regional variation in NADH concentration is a possible explanation for the observed lactate pattern.
Conclusion
Hyperpolarized 13 C MRI revealed a consistent lactate topography across subjects of varying age. This consistent pattern is evidence of region-specific lactate biology that is preserved across individuals. 
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